Hybrid Hall effect device
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A novel magnetoelectronic device incorporating a single microstructured ferromagnetic film and a
micron scale Hall cross was fabricated and characterized at room temperature. Magnetic fringe
fields from the edge of the ferromagnet generate a Hall voltage in a thin film semiconducting Hall
bar. The sign of the fringe field, as well as the sign of the output Hall voltage, is switched by
reversing the magnetization of the ferromagnet. This new device has excellent output characteristics
and scaling properties, and may find application as a magnetic field sensor, nonvolatile storage cell,
or logic gate. ©1997 American Institute of PhysidsS0003-695(97)01133-9

In the emerging field of magnetoelectronics, the mostbeam epitaxy and consists of: 3 nm InAs/3 nm GaSb/25 nm
common devices are based on giant magnetoresistanca  AISb/15 nm InAs/2 um AISb [, in Fig. 1(b)]/semi-
spin polarized tunneling,and share a common trait: output insulating GaAg(001) substrate. After the Hall cross is fab-
is characterized as a resistance that varies between two pogicated by photolithography and a standard mesa etch, a 45
tive values,R and R+ 6R. A third device, the bipolar spin  nm |ayer of SiO is deposited over the chip to passivate the

transistor; is characterized by a bipolar output,6R. The  aish. TheF layer is fabricated by photolithography and lift-
advantage of a bipolar output is increased utility. For ex-

ample, the output of one device may be used to control the
magnetic state of a second devfcand positive(negative
currents be used to set a positivgegative magnetization
state. Furthermore, an offset can be conveniently added to
the output resulting in values of zefor LOW) and HIGH,
values that are more useful thehandV+ 6V. The devices
listed above all rely on the transport of spin polarized current
in structures comprised of multilayers of ferromagnetic and
nonmagnetic metals. By contrast, this letter introduces a
novel magnetoelectronic device that uses a single electrically
isolated ferromagneti¢F) layer, does not depend on spin
polarized transport, and has a bipolar output of ort&0()

or more. Large magnetic fringe fields at the edge of a ferro-
magnetic film fabricated above a microstructured Hall cross
cause a Hall effect on the carriers of a high mobility semi- equivalent
conductor(S) and generate the bipolar outptithe magnetic d ;" [fine source (b)
fringe field has a magnitude that is large at the edge of the LR LA
F film, and decays rapidly with increasing distance from
the edge. We demonstrate micron scale devices with an
output characterized by LOW1(, and a ratio of
HIGH/LOW=25.

The device is depicted schematically with a top view in
Fig. 1(a@). The Hall bar is fabricated from a high mobility
indium arsenide film, described below, and is current biased substrate
from left to right through arms of widtlw,. The sense 0 X
probesS1 andS2 have widthw,, and may be fabricated, for
reasons described below, with a small asymmegry Typi-
cal dimensions ofv, andwy, are a few microns, ang, is the (c)
order of 100 nm or less. In the devices described heFeis,

a thin film transition metal ferromagnet with thickness
d;~150 nm and in-plane magnetizatidh. Typical dimen-
sions of each edge &f arew,+2 um, andF is located with
one edge at distanocg from the center of the Hall cross. 0.0 1oum  x
As seen in the cross-sectional view of Figb)l (not

drawn to scalg the heterostructure is grown by molecular FIG. 1. Schematic diagram of the device geome(ay Top view; (b) cross-
section view, showing fringe field near the edgefand(c) profile of the
spatial dependence of the perpendicular compoBets calculated from a
dElectronic mail: mjbooj@anvil.nrl.navy.mil line charge model.
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T T T mobility of 20000 V/cnd, and sheet resistance of

3| i Ro=170(/0. TheF film was Permalloy, e-beam deposited
from a charge of NjgFe,, at a pressure of 410 ° Torr.

Characterization by SQUID magnetometry of a witness film

1 deposited on a quartz substrgsbout 0.09 crf), alongside

2 AR.| - the sample chip showed a room temperature saturation mag-

netization of 86@ 20 emu/cm, a square hysteresis loop,

and a coercivity oH.=3 Oe.

(a) . Transport measurements on the hybrid Hall devices were
performed at room temperature using an audio frequency
! ! L bias source, and a lock-in amplifier. The detected Hall volt-
-200 0 200 age was linear with bias current for the current range of

H (Oe) 0.01-3 mA, and is presented as a resistadRge
20— , , , — Typical data from two devices are presented in Fig. 2.
The symmetrically bipolar output of Fig(& is from a de-
vice with R,~0 (x¢g=~0). The data in Fig. @) are from a
7 device withRy,~|Ry| (Xo~100 nm). In all, data were taken
on device sets with dimensiong/(,w,,) of (5 um, 3 um), (3
i pm, 2 um) and (2 um, 1 um).
WhenR,=0, theRy,—H traces are essentially the same
as theM —H loop of the ferromagneF, with Ry<M. In
Fig. 2@), Ry varies linearly withH for low fields, saturates
(b) at a coercive field of about 200 Oe, and the loop shows
oE - . | . | low hysteresis and small remanance. In our device ets
-400 -200 0 200 400 increased as the dimensions Bfdecreasedicompare Figs.
H (Oe) 2(a) and Zb)]. As is commonly observed in patterned films,
this behavior ofRy(H), and equivalently oM (H), is dif-
FIG. 2. Typical data,Ry vs H at 295 K. (8 Device HB1AA-Il, w, ferent from the classic loop of the macroscopic witness film
=5 pm, Wy=3 um. (b) Device HBIA-VIIl, w;=2 pm, Wy=1 um. and is due to micromagnetism. The larger coercivity is
caused by demagnetizing fields, which are dominant in mi-
off, and F is electrically isolated fron5 by the insulating crostructured films with dimensions of orderuin. Our co-
layer 1, of total thickness 76 nm. ercivities of order 100 Oe for 3—&m square films, and the
The principle of device operation can be readily ex-observed trend of increasing coercive values for smaller film
plained with the aid of Fig. 1. When the magnetizatMnof  dimensions, are in good agreement with other repofts.
F is saturated along-X, positive magnetic “poles” at the The low remanance is a result of a “degenerate” picture
edge ofF generate an external fiel, depicted in Fig. (b) frame domain pattern that minimizes free energy, and yields
by arrows and dashed field lines. A large negative compozero pole density at the edge &f in zero applied field.
nent—B,, perpendicular to the plane 8f generates a nega- Figure 3 is a MFM imagéphase channel, tapping modu
tive Hall voltage fromS1 to S2. When an external in-plane a 7 um by 7 um Permalloy film in zero external field. A
field H reverses the magnetization, the perpendicular commicron wide area at the perimeter has no magnetization in-
ponent of fringe fieldB, also changes sign resulting in a formation because of tip perturbations at “rough” film edges
positive Hall voltage fron81 to S2. Thus, the ferromagnetic (caused by artifacts of processjndut the central closed
film performs as a magnetic field transducer acting on a locatlomain pattern that we observe confirms the zero magneti-
region of S and changing a small magnetic fightk into a  zation state that we deduce from our measurement of
larger field substantially perpendicular to the plane. Ry(H=0). AsH increases along, the domain aligned with
When the Hall cross is fabricated with perfect symmetryH increases as the domain wall moves algngnd the pole
[Xo=0 in Fig. (@], the output of the hybrid Hall device has density at the edge & increases linearly. Field sweeps over
symmetrically bipolar values Ry, asH is swept from posi- a range|H|=150 Oe showed good linearity & (H) and
tive to negative, reversing the magnetizatibh of F. A no remanence, indicating that the domain wall moves back
small asymmetry in fabrication of sense prol®is and S2 and forth elastically in this field range.
[Xo# 0 in Fig. 1(a)] results in the series addition of a small Quantitatively, the magnitude dR, measured in our
offset resistanc&, to the output measured fro®l to S2.  prototype devices can be compared with an estimate based
We demonstrate this with devices having minimal offset re-on a semiquantitative magnetostatic calculation. When satu-
sistance,|Ry|/R,~30 [Fig. 2@)]. If the offset resistance rated,F is assumed to be a single domain wikh=M X.
equals the magnituddy,|, the baseline resistané® equals The fringe fieldB is generated by magnetic “poles” with
zero, and the hybrid Hall device output has levels zgno  magnetic surface charge denditl, (magnetic “charge” per
LOW) and HIGH. We demonstrate this with devices havingunit area at the edge of. In a simplified calculationM is
R, near zero|Ry|/R,~25 [Fig. 2(b)]. approximated as a concentration of poles on a line along the
The indium arsenide film had a room temperature denedge offF, a distancel;/2 above the surface of [Fig. 1(b)],
sity of n=1.8x10'2 cm 2 (Hall sensitivity of 34T)/teslg,  whered; is the thickness oF. For an infinite line of mag-
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FIG. 3. MFM image of a 7um by 7 um PermalloyF film in zero applied -1 0 1 2 3 4
field. Arrows indicate the closure pattern of the four domains. X (um)

. . . . . FIG. 4. 2ARy, vs x; for a family of devices withw,=3 um, wy=2 um.
netic charge densitx,=Mgd, the radial field has magni- |nset: AR, vswy, .

tude at radiug given by B, (r)=2\.,/r. The fringe field

from the other edge oF is neglected, as justified by the the hybrid Hall device is characterized by inverse scalability:
results below. At the plane of the InAs layer this yields the output characteristic improves as the dimensions of the
BA(X) =2\ nR/(x*+R?), wherex is the lateral distance be- device are shrunk. The inset of Fig. 4 plots the peak magni-
tween the edge of and the point, andR=155 nm is the tude 2ARy as a function of sense probe widtl,. The
depth of the InAs layer relative th,,. For our samples we linear decrease of 2R,, demonstrates inverse scalability and
haveM ¢~ 860+ 20 emu/cr andd;= 150+ 10 nm. The pro-  confirms the simple model presented above.

file of the magnitude 0B, is sketched in Fig. (t). The peak The devices presented herein demonstrate a linear field
value, atx=0, is B,~1650 Oe and the magnitude falls rap- response over a large region of field, have low remanence
idly to B,~100 atx=0.5 um. and large output, and therefore, are well suited for applica-

The Hall voltage developed in the cross junction is givention as a field sensor. When fabricated with a ferromagnetic
by the line integral of the cross product Bf and the bias material with large anisotropy and large intrinsic
current. Traditionally, the magnetic field is constant and theemanencé,the hybrid Hall device is ideally suited for ap-
integration is straightforward. In our novel devices the fieldplication as a nonvolatile memory cell or a single element
has a gradien#B,/dx that is steep on the scale of the width logic gate? Furthermore, device fabrication is relatively
W, of the cross and transport is more complicateccrade ~ Simple, requiring only two lithographic steps. High mobility
estimate of the expected magnitudeR)f can be made by indium arsenide i§ an excellent material choice for .the Hall
simply averagingg,(r) alongx, over a distance correspond- bar, but good devices can be rr_1ade from any material with a
ing to the widthWy, of the sense probe&l andS. reasonable_ Hall coefficient. Flnglly, foII9W|n9 Fhe ,recent

We defineAR, to be the value ofR, for saturation demonstration of nm scale semiconducting “wires’and

magnetization{Fig. 2(@]. The full bipolar resistance swing nm scale single domain ferromagnetic particiée hybrid

L2 . ) ) Hall device offers a novel mechanism for the fabrication of
upon magnetization reversal is approximately given as

. : nm scale devices with bipolar output.
2AR,~2(B,)/(nse), where(B,) is the average perpendicu-
lar field. The magnitude 2R, is plotted as a function of The authors are grateful to B. Nadgomy, R. J. Wagner,

. . S ) dJ.B.B for technical ist . Thi k -
for a family of devices in Fig. 4. The amplitudeAR,; de- an 008 Jor fechnical assistance IS work was sup

. o . ported by the Office of Naval Research.
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